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INTRODUCTION

1.1 Summary

This report details results of research performed during the period June
1, 1988 through December 31, 1988 under AFOSR contract no. F49620-86-K-0016.
The project was initiated in June 1986 and covers a duration of forty months.

The general objective of this research is to 1improve on existing

theoretical models for predicting the response of inelastic aerospace

structural components subjected to hostile thermal environments with emphasis

on transient temperature conditions, radiation boundary conditions, extremely

rapid heating rates, and possible phase change of the materials involved.

1.2 Statement of Work

Experimental and theoretical research are being performed to characterize
the response of structural components subjected to transient temperature
conditions resulting in inelastic material behavior. The research is being

performed in the following stages:

1) theoretical development of thermodynamic constraints on inelastic materials

under transient temperature conditions;

2) development of modified heat conduction equations to account for two-way

thermomechanical coupling in these inelastic materials;

3) experimentation to determine further constraints on inelastic materials

under transient temperature conditions;




2 S .l

N B N BN G BE .

4) development of multi-dimensional theoretical algorithms for predicting

response of the inelastic structural components described above; and

5) experimentation to verify the theoretical algorithms described in item 4).
Items 1) through 4) above are being performed entirely on the main campus at
Texas A&M University. Item 5) will be performed botih at the Air Force Wright
Aeronautics Laboratory at Wright Patterson Air Force Base and Texas A&M
Universit,. Details of this interaction will be described further below.

RESEARCH COMPLETED

2.1 Summary of Completed Research

Research during the period June 1 through December 31, 1988 is summarized

below:

1) additional computational results have been obtained utilizing the one-

way coupled model discussed in reference 1;

2) two new two-way coupled models are under development at this time;

3) the initial plate experiments have been performed at AFWAL and the

second set of plate experiments is being prepared at this time;

4) the constitutive tests on Hastelloy X are underway; and
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5) computational facilities have been upgraded to perform the theoretical

analyses.

2.2 Expected Research

The following results are expected between now and Sept. 30, 1989:

1) the plate experiments will be completed at AFWAL;

2) the one-way coupled model will be compared to the plate experiments;

3) the two-way coupled model will be completed and compared to the plate

experiments; and

4) the constitutive tests on Hastelloy will be completed.

2.3 Theoretical Developments

A brief description of theoretical progress over the past six months is

given below.

2.3.1 One-Way Coupled Model

The one-way coupled model has been completed and documented in reference
1 (See Appendix 6.1). Recently this model has been used to predict the
response of a circular plate subjected to the instantaneous heat pulse shown
in Fig. 1. As shown in fig. 2, the model predicts a dynamic response which is
not unlike resonance. Figure 3 shows the displacement profile during a single

cycle of response, demonstrating that a permanent out-of-plane




deformation caused by the thermal field constrains this dynamic response.
Figures 4 through 7 show that significant stresses occur which causes
substantial inelastic strain near the center of the plate.

In our next series of experiments we will be attempting to determine the

veracity of this dynamic response as predicted by the model.

2.3.2 Two-way Coupled Models

We are currently placing the emphasis in model deve]opmen£ on the
construction of two-way ~oupled algorithms for analyzing the plate problem.

The two-way coupled probiem 1is constructed by first postulating
constitutive -equations to be equations of state in the strain, S

temperature, T, temperature gradient, 9y s and internal state, uE], as follows

v

(2}]:
the stress tensor:

953 = 21 5(ek1 To 900 (1)
the internal energy:
u = u(ek]’T’gk’QE]) (2)

the entropy: )

S = S(Lk]sT9gka“;]) (3)
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the heat flux vector:

_ U
qi = qi(tk]’T’gk’dk]) (4)

and

&?j B ng(5k1’7’9k'“t1’5ﬁ1) v =l sl (5)

where a?j are a set of n internal states variables. Now define the Helmholtz

free energy

h - u-Ts = h(ck],f,gk,aﬁ]) (6) ]
Therefore,
- _ah - sh + _ ah - 3h  -u
h=-— ¢ ,+=T+— g +— a (7)
CE k1 3t agk k BUE] k1

Substituting the above into the first law of thermodynamics and this result

into the second law of thermodynamics gives

12




. y ah Wy
oTsp = Loy 50 1 Tagaay) - °aeij(5k1'T'9k'“k1)'€ij

ahy " YT
- lLJ aT(Lk]sngka“k]) + DS(Ck],T,gkaGk])]T

ah » u .
sg, ke T3 95 ]

ah " n Hoocu
e ek Tagoua) ] 24 5(e g Tagpaag0sgy)

iJ

da

- [qi(ik],TagstE])/T]gi 20 (8)

Using the Coleman-Mizel {3| procedure, it now follows that

3205 heh(e Tl (9)

By a similar argument

s =5 => S=s(ek],T,aE]) (10)

13




Also,

= Y — x> = - H
G, = pagij 04 oij(tk],T,uk]) . (11)
Note that although the above is similar to the result obtained for elastic
materials, h is no longer a potential for the stress tensor because it is path
dependent due to its dependence on the internal state.

Inequality (8) now reduces to

ah 1

oTy = - ¢ =, Qij - qigi/T >0 (12)

v

where the first term represents internal dissipation and the last term is heat
conduction dissipation. Note that the internal dissipation cannot be set to
zero because although the rate of change of the internal state variables may
be specified, the actual interna! state at any time cannot be specified.

It can also be shown that [3]

q; = 'kij 95 + H.0.T. (13)
Thus, if internal state variable growth laws (5) can be determined the
problem will be completely specified by construction of the Helmholtz free
energy function (equation (9)). \
Now consider a special case of equation (9) which is found to be suitable
for many materials. Llet

h = k(e yaToeys) | (14)

14
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where eI called the inelastic strain tensor, is equivalent to o

k1®
Expanding h in a second order Taylor series in its arguments gives

1 . ) I I
ho= JIABT G, e a0y e 5oy o 45+ F i 0t
) RIS . - 2 y
Substituting the above into {11} results in
- , I \
%55 = G0kt gttty ey
The above may be written equivalently
o0 = on 4D, o fenmel —ay (T-T )] (17)
i3 % 9% 0 s ea U

where oR. is the residual stress, D is the linear elastic modulus tensor,

ij ijkl
and ay is the thermal expansion coefficient tensor. From (17) it is clear

that

N E
€.: = e..-e.j—uij(T-To) (18)

where Esj is the elastic strain tensor, given by

£ -1 R
€55 5 Digaalogmopy) (19)




The above equations will be shown to be suitable for characterizing the

material behavior of elastic-plastic media with internal state variables.

To obtain the coupled heat conduction equation recall the first law:
ou = %ij €4j " qj,j + por (20)

Therefore, due to definition (6) we obtain

p(n+Ts+T38) = o, . ¢

. - Q. .+ pr 2
i fiy " 95,5 7" (21)
From (9) we know that
_gh sh ¢, 380 (n
T ey TR HRr T F (22)
Substituting (22) into (21) gives '
ah . ah i .
- (013 -0 ¥1J) €1J + p (ﬁ + S) T+ pTS
3h sh -n - or =
+ 0 391 91 + 0 aun Q1J + qJ,J er 0 (23)

Utilizing (9) through (11) results in

ah ‘n

QTS + p -a-—” 013 + qJ,J - pr = Or (24)
a. -
1]
Utilizing (3) and (10) gives
16




2 N =Ea

EY BE TS . = = .

§ =38 . +8q7, ﬁin " (25)

s 3S g 35 .n 3h n
pT z] ) 613 + DT 3 T+ DT ) 01J + p ) “13
) %] ®ij
+Q. .-pr=20 26
a; 5 ° ( -)
Utilizing (11) gives
2 2. . 2
ij J aT aal.oT 1 aal.
J J
+Qg. .-pr=20 27
9,5 °° (27)

so that substitution of (13) into the above will give

2 2 2, .
R L T R L e s
a°ij auijaT aeijaT aT
= (kij gj),'i -pr =20 (28)

Note that for an elastic material &7. =0 and the above reduces to the

1)

coupled heat conduction equation for elastic media. Since terms 1 and 2 could

be 1large even under non-inerticl conditions, they should be considered

carefully in inelastic problems.

Finally, substituting (17) into the above gives

17




1 1 : .
T 055k (eiy 7 ey Toda5s 7 Dy gy oy TT+ Dy w45 T g4
to G T lkyyog) ymer =0 (29)

The above equation is the two-way coupled heat conduction equation. Note

that a change in either the state of strain, Ek]’ or the internal state,
&}j’ has an effect on the temperature, T.

The authors nave previously studied the above equation for a point mass
14] and in one dimension |5]. The 1inclusion of two-way coupling ddds
considerable complexity to the computational algorithm for solving the problem
in any number of dimensions.

We are currently developing 1two algorithms to account for this
thermomechanical coupling. In the first, we have reduced all of the f;eld
equations, 1including (29), to two-dimensional axisymmetric form and are
utilizing continuum elements to obtain a solution for both the temperature and
displacement fields.

In the second method, we are modifying the one-way coupled code
previously developed by the authors [5]. We are using an operator splitting
method previously proposed by Oden [6]. In this approach, the problem is
solved on each time increment by assuming one-way coupling and the coupling
terms are then included in the thermal analysis until iterative convergence is
obtained on each time step. We hope to have one or both of these algorithms

operational by June, 1989. '
2.3.3 Computational Facilities Development
It was apparent from the inordinate computational times required to

operate the one-way coupled code that it would be necessary to improve our

18




computational efficiency in order to develop two-way coupled algorithms [5].
Therefore, the authors have spent the 1last several months upgrading our
computer capabilities. We have purchased a microVAX to be wutilized as a
dedicated machine faor use with the algorithms developed as part of the current
contract. This system has now been connected to the campus VAX network, and
initial indications are that the computational times will be decreased
somewhat. However, becausc the improved efficiency has not been as much as we
had hoped for, we have undertaken to streamline the one-way coupled code

somewhat before proceeding to implement the two-way coupling. These

efficiency measures are nedaring completion at this time.

2.4 Experimental Programs

The experimental program has been divided into two major categories: 1)
constitutive testing of uniaxial specimens under steady state and transient
temperature conditions; and 2) structural testing of plates subjected to rapid
external heating. The experimental efforts are discussed in greater detail in
the following two subsections.

The constitutive tests are used to evaluate the material parameters for
the thermoviscoplastic constitutive models used in the structural analysis
program described in Section 2.2. Currently, these models will wutilize
constants obtained from tests conducted at several elevated steady state
temperatures. Material response at intermediate temperatures is then computed
using interpolated values of the parameters. This approach may lead to
erroneous predictions if the material undergoes a significant phase change
during a temperature transient. To investigate this phenomenon, a set of

experiments is being developed and performed which will enable us to extend

19
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tne current constitutive theories to predict material behavior under transient
temperature conditions.

The structural testing of plates subjected to rapid external heating is
being performed in order to critically compare the theory developed herein.
Primary emphasis is being placed on prediction of the plate response for both
temperature and displacement fields. In addition, more physical insight to

the problem we are modelling is being obtained.

2.4.1 Constitutive Testing

Uniaxial constitutive experiments are currently being conducted in a
steady state temperature environment in order to verify and supplement tLhe
material parameter data base obtained from |7). Hastelloy X has been selected
as the candidate material for this research primarily because of uthe
availability of such information. Therefore, upon completion of these tests,
material constants for Hastelloy X at room temperature, 1000°F, 1200°F,
1600 F, and 1800 F will be used to perform the structural analysis discussed
in the previous sections.

The uniaxial specimens used for testing are standard LCF uniform-gage
test section specimens, machined to ASTM specifications. Typical tests being
performed include: 1) creep tests; 2) stress relaxation tests; 3) monotonic
constant strain rate tests; 4) fully reversed cyclic tests; and 5) stress drop
tests during monotonic and cyclic loading. A1l experiments are being
performed at Texas A&M University using an MTS 880 electro-hydraulic testing
machine and clam shell oven.

The three zone clamsinell oven and closed loop control system allows for
accurate temperature contrcl in the specimen gage se:tion with nominal spatial

temperature gradients. Specimen temperature is obtained using three, contact

20




mounted, K-type thermocouples. While intrinsically mounted thermocouples
would allow for more accurate temperature measurement, past experience has
shown that this method of attachment severely degrades the fatigue life of the
specimen.

Constitutive tests of wuniaxial specimens under transient temperature
conditions is alsc underway, in order to extend the validity of current models
to high thermal rates. Specimens specifically designed for combined
thermomechanical loading are being evaluated for this phase of testing. The
specimen geometlry 15 that of an LCF efficiency button head specimen, machined
Lo ASTM specifications. [o study the uniformity of the transverse temperature
gradient, specimens have been fabricated to have either a solid or hollow
core. In order to provide test to test compatibility, hastelloy-X is also
being used in this phase of testing. v

Another difficult aspect of transient temperature testing is minimization
of the longitudinal thermal gradient during a thermal transient. A quad-
elliptical quartz lamp furnace is$ being used and will hopefully alleviate this
potential problem. Approximately thirty K-type thermocoupies are being used
to monitor the temperature fields in the gage section of the specimen.

In order to obtain wuseful information about the thermomechanical
constitutive behavior of inelastic materials under transient temperature
conditions, it is necessary to impose extremely complex strain histories, in
addition to the thermal nistories. The MIS 880 electo-hydraulic testing
machine is being modified to simultaneously measure mechanical and thermal
data and control (in a closed loop fashion) both aspects of the experiment.

Therefore, one of the main goals of the phase of testing is to identify

acceptable experimental techniques for these type of experiments.

21




2.4.2 Plate Testing

Indications from the first set of plate experiments performed at AFWAL
are that the acquired data are not representative of the actual experimental
output. This 1is believed to be due to an inordinate amount of electronic
noise which masked the output produced by both the LVDT's and the
thernocoup les. We hypolhesize at this time that this was caused by the
installation of & second laser on the day that the experiments were
performed. Therefore, we are currently planning to rerun the tesis in the
near future. At the present time, the technicians onsite are preparing the

experiments and debugging the electronic data acquisition units. The second

set of tests are scheduled to be performed in March.

2.5 Conclusions

There exists a need to develon models capable of predicting the response
of aerospace structures to complex thermomechanical inputs which produce
significant material inelasticity and resulting two-way thermomechanical
coupling and to verify these models against controlled experiments.

This report documents progress made during the past six months towards

achieving this goal.
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Mr. P.K. Imbrie (Lecturer and Ph.D. Candidate) - coordinator for
experimental programs; transient temperature constitutive models.

Additional Staff

Ms. C. Harmon (Secretary) - secretarial support.

Ms. L.D. McCrea (M.S. Research Assistant) - experimental constitutive
equations.

Mr. G.Jeony (Ph.D. Candidate) - two-way coupled finite element model. .

Mr. T. Byrom (Ph.D. Candidate) - computational solutions.
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5.0 INTERACTIONS

5.1 Presentations

1. Allen, D.H., Imbrie, P.K., and Chang, H.T., ”Anaiysis and Experiment of
Rapidly Heated Viscoplastic Plates," ASME Winter Annual Meeting, Chicago,
1988.

2. Imbrie, P.K. and Allen, D.H., "Laser/Structure Interaction - A Comparison
of Theory to Experiment," AIAA Aerospace Sciences Meeting, Reno, 1989.

5.2 Other

I. Dr. Allen presented a short course on thermoviscoplasticity at NASA

Langley Research Center in October, 1988. This course is also to be
presented immediately following the 30th SDM Conference in 1989.
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ABSTRACT

A computational analysis is preSented herein for an axisymmetric plate
subjected to rapid external heating. The analysis is complicated by several
forms of nonlinearity, including radiation boundary conditions, materia)
viscoplasticity and geometric nonlinearity. The mechanical constitution is
extremely comple,, involving history and rate dependence which causes the
constitutive equations to be mathematically stiff. Results are obtained for
two viscoplasticity models available in the current literature. )

The solution utilized herein adopts the finite element method in spatial
coordinates and standard finite differencing in time. Iterative techniques
are used to account for nonlinearity. Results are obtained for a circular
plate subjected to a high energy instantaneous heat source appjied
axisymmetrically to one side of the plate. Sensitivity studies are condd;ted
to determine the effects of various heat intensities and plate thicknesses on
temperature, displacements, and stresses. It is found that material

viscoplasticity and geometric nonlinearity contribute significantly to the

predicted response of the plate.

INTRODUCTION

Plates are often subjected to rapid heating capable of producing highly
nonlinear structural response. Examples are structural components subjected
to laser heating, the skins of aerodynamic vehicles in hypersonic flight, and
hot gas turbine engine components. Dub to the elevated temperature
envircnment encountered in these applications it is often necessary to include
thermal effects in the structural analysis.

s>evera: tisoretical solutions for a heated thin plate have been reported

in the literature. In most cases either classical plate theory [1,2] or large
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deflection plate theory |[3-6] was utilized to obtain 3linear thermoelastic
solutions. In severe thermal environments, however, the plate response may
become highly nonlinear, Large variations in the temperature field
necessitate inclusion of temperature dependent thermal conductivity.
Furthermore,the nonuniformly distributed thermal strain induces geometric
nonlinearity and localized inelastic stresses. It is thus a formidable task
to extend the previous solutions to account for these nonlinearities.

Recently, attempts have been made to numerically approximate the solution
for a heated elastic plate |7,8] by the boundary element method. Kawakami and
Shiojiro 19| attempted to implement ADINAT/ADINA with the capability of
performing heat transfer analysis and thermoelastic-plastic analysis for
plate/shell elements. In their research, plasticity in the element is assumed
only when the cross section is totally plastic. Therefore, their solution
does nct apply to a plate subjected to rapid high energy heating on one
surface.

The authore have reported a computdational analysis for an axisymmetric
viscoplastic plate subjected to rapid external heating [10]. To our knowledge
this is the first plate analysis involving both heat transfer and
viscoplasticity to be reported in the open literature. In this previous
research it was assumed that the thermal response of the plate was independent
of mechanical deformations. Thus, it was possible to obtain the heat transfer
solution first and supply the results of this analysis to the mechanical
solution. The finite element method was emﬁ]oyed for spatial discretization
of both the thermal and mechanical analyses, and finite differencing was used
in time. Newton iteration was used on each time step to account for global

nonlinearity. This nonlinearity was induced in the thermal analysis via

temperature dependence of the thermal conductivity and radiation boundary




conditions. In the mechanical analysis nonlinearity was caused by
viscoplastic constitutive behavior, which was predicted with a constitutive
model introduced by Bodner and Partom [11].

In the current paper the model 1is extended to include geometric
nonlinearity caused by large rotations. Furthermore, a viscoplasticity model
proposed by Walker {12] is incorporated for comparison to results predicted by
Bodner's model. The nonlinear plate formulation, which was not included in
the authors' previous paper, 1is discussed in some detail. Finally,
sensitivity studies are conducted using the algorithm to determine the effects
of heating rate and plate thickness on predicted temperature, displacements,
and stresses.

MODEL DEVELOPMENT 5

The procedure utilized to solve the current problem is similar to that
used in other simpler mechanical field problems. Therefore, the model is
presented only in abbreviated form in this section. Further details of this
development can be found in references [10] and |13].

A pivotal assumption in the analysis is that the heat transfer does not
depend on the mechanical deformations. It is well-known that in dynamic
problems this coupling may be significant even when the deformations are
elastic [14]. In the case of inelastic response such as is considered herein,
this coupling may be even more substantial [15). However, the inclusion of
this term in the heat transfer analysis adds considerable complexity to the
computational scheme [15]. Therefore, since 'in the examples considered herein
the external source 1is several orders of magnitude larger than the internal
heat generation, the authors have neglected the mechanical coupling in the
heat transfer solution. This issue is planned to be the thrust of future

research by the authors on this subject.




As shown in Fig. 1, due to the uncoupling assumption the solution
algorithm may be constructed in two stages for each time step. First, the
temperature field is evaluated by using finite elements in spatial coordinates
and the C(rank-Nicholson <cheme in time. Nonlinearity due to "temperature
dependent thermal conductivity and radiation boundary conditions is accounted
for via Newton iteration. The resulting temperature distribution is then
passed to the mechanical problem as input, and the mechanical solution fis
obtained by using plate elements in conjunction with the Newmark—Bé%a me thod
in time. Nonlinearity caused by inelastic deformdtions and large rotations is
accounted for by Newton iteration. This procedure is performed recursively to

march forward for the desired time span. The solution scheme is described in

further detail below.

Thermal Analysis

An axisymmetric finite element model, developed to include nonlinear
radiation boundary conditions, is used to ccnstruct the temperature field ac a
function of r and 2z for each time step. A typical two-dimensional
axisymmetric mesh for the thermal analysis is shown in Fig. 2.

The governing heat transfer equations are as follows:

aT 3 al 3 aly _ .
onr e ar(k r ar) - 5;(k r 32) =0 in a (1)
3l al — 3 4 4
k r o Mt k r 57 Ny = Qor + sor(Tr -T)Y onr (2)

where T is the temperature, p is the mass density, Cp is the specific heat
capacity, k 1is the thermal conductivity, and r and z are cylindrical

coordinates, as shown in Fig. 2. Also, q is the heat flux input, o is the




thermal absorptivity, ¢ is the thermal emissivity, o is Boltzman's constant,
T, is the reference temperature at which radiation is zero, and n. and n, are
components of a unit outer normal vector. finally, a2 is the interior of the
domain and I is the boundary of the domain.

Equations (1) and (2) may be cast inte a Galerkian finile element
formulation [16]. Since this part of the model exists in the open literature

{16}, it is not covered in detail here.

The resulting element equations are of the form

c..T.+a..T. =q. 3
i3] ij'5 "% (3)
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Also, N; are the finite element shape functions, Ae is the area of the
element, and Te is the boundary of the ‘element. A linear triangular (three
node) axisymmetric element is used in the analysis. Equation (3) for each
element 1is assembled to give the following global system of ordinary

differential equations:

.

(C] {ﬂ + [A] (T} = (Q (5)

The Crank-Nicholson scheme is then applied temporally to obtain the

temperature field with time [17].




Structural Analysis

In the structural analysis, Von Karman theory is assumed for the thin
plate bending motion |[18], and matericl nonlinearity and viscoplastic
constitution are included 1in the model. The material nonlinearity is
introduced via the inelastic strain tensor, cij, which is describgd in the
next section.

The strain components, ¢.., are defined by

1)

1 Do
(Ui,j + Uj,i) + 5 (u3’1u3,j) *aegy 1= 1,2 (6)

_.
L)
-
L&
r.
.
.
Nl —

v

o . . .
where Cij are the midsurface strain components, u:; are the displacement

i

components, and M55 are the midsurface rotation components. The constitutive

relations are given by

_ 0 ) _ T
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here o1J

and e¥j are the components of the thermal strain tensor. Utilizing the above

in a standard laminate scheme will result in
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where h

is the stress tensor, D is the elastic modulus tensor,
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and h is the plate thickness. Note that the coupling matrix [B] does not
disappear due to the through-thickness variation of elastic modulus, Dij'
which is temperature dependent.

The governing equations for the plate motion are thus derived by

satisfying the conservation of linear and angular momentum [19]:

f + N
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Integrating equations (10) through (12) against variations in the components

of the displacement field will result in the following variational principle.
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where N, K and ny are components of the plate midsurface forces per unit

y?
length, u and v are the in-plane displacement components, w is the out-of-
plane displacement component, and p is the out-of-plane traction.

Incrementing the field variables, neglecting the third and higher order

terms of the displacement increment, an¢ applying finite element

discretization results in

t+ot
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where [M] is the mass matrix and
(K] = (K 1+ (K] (15)
Also,
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where IBL] and [BNL] are the linear and nonlinear strain deformation mapping

matrices, respectively. Also, (R} is the external load vector and
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and n, is the number of nodes per element.

Solving equation (14) by the HNewmark integration scheme will give the
first approximation of {au) at time t+at. The Newton iteration method will
give convergence to the nonlinear solution [10,20]. The authors are currept]y
utilizing a three-node plate element with five degrees of freedom per node, as
described in rererences [13] and [21]. We have not employe an axisymmetric
plate element because we prefer to maintain the flexibility to solve

nonaxisymmetric problems.

Thermomechanical Constitutive Modeis

In order to prescribe the forcing functions {Fl] and [Fz] defined in
equations (18) and (19) it is necessary to determine the inelastic strain

increment, Aeg This is accomplished by integration of the selected

i
viscoplastic constitutive model. The authors are currently using Walker's
model [12], as well as the anisotropic hdrdening form of Bodner's model
[22]. These models are compared critically in reference [23].

Bodner's model assumes

10




where o%j is the deviatoric stress tensor, whereas Walker's model proposes

] .
(15 = alody - apyy) (21)

where

L= A (Gij’ Gy a2jj) (22)

and ay is the drag stress, and ap is the back stress tensor. The above is

supplumented by an additional set of evolution laws of the form

cn "
ajj = Qij (Okg’ g T) (23)

-
v

Equations (20) and (23) are typically numerically stiff, so that
numerical integration to obtain Cij is not straightforward [24]. Bodner's
model is currently being integrated using Euler's forward method, whereas
Walker's model is integrated using Euler's backward method |25]. Both models
are subincremented within each integration point on each time step in order to

produce accurate values for Asij on each global time increment.

Example Problems

To demonstrate the use of the algorithm, an isotropic circular plate with
thickness h=0.042 in and radius r=10 in is selected. The material used is
B1900+Rf which 1is a nickel-based superalloy commonly used in hot gas
turbines. Material constants for Bodner's and Walker's models are shown in
Tables 1 and 2, respectively. The thermal boundary conditions are of
radiation type with reference temperature Tp=0°f on all boundaries including

the plate edge at r=10 in. An instantaneous heat flux is assumed to be evenly

11
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distributed over a spot of radius 0.5 in at the center of the plate. Al
components of the displacements and rotations are assumed to be zero at the
plate edge r=10 in.

The finite element mesh diagrams for the thermal and structural analyses
are shown in Fig. 2. Although a fairly coarse mesh was utilized, more refined
meshes showed that the global thermal and structural responses were not
significantly compromised by using the current mesh. The number pf global
degrees of freedom was held to a minimum because the non]inear- examples
presented herein required approximately 15 hours of CPU time on a VAX/8800.
This is due to the fact that the global nonlinearity necessitated the use of
very small time steps. In the examples shown herein, the maximum allowable
time step was 0.00001 sec, thus resulting in a total of 1500 time steps.

Figure 3 shows the predicted transverse deflection at the center ofvthe
plate for a heat flux of 60 Btu/inz—sec. Shown in the figure are both the
geometrically linear and nonlinear results obtained by assuming the plate is
lTingar elastic. The transverse deflection is significantly decreased by the
inclusion of the nonlinear terms in equation (6), which demonstrates the
importance of including geometric nonlinearity in this model. Figure 4 shows
the through-thickness temperature variation at the center of the plate for
various times. It is apparent that a rather large temperature gradient occurs
at short times, and this through-thickness variation is the primary source of
bending in the sStructure. Figure 5 depicts the temperature as a function of
time on the plate upper surface both at the ‘center of the plate and at r=0.5
in. From this figure it is apparent that a large in-plate temperature

gradientoccurs near the center of the plate at short times. This gradient is

the chief contributor to the extension of Lhe structure.

12




Figures 6 through 10 are the results for an instantaneous heat flux of 90
Btu/inz—sec including both geometric nonlinearity and the viscoplasticity
models. As shown in Fig. 6, when the inelastic material response is included,
the deflection of the center of the plate is reduced by only a small amount.
However, as Fig. 7 shows, the radial stress history near the center of the
plate (r=0.!1 in) and on the top surface is significantly reduced by the
accumulated inelastic strain. Thus, material inelasticity sig@ificantly
affects the predicted stresses in the analysis. Figure 8 shows ghe stress
history predicted by Walker's model at var‘ous positions on the top surface of
the plate. Note that within the radius of the input heat flux the radial
stress attains a maximum near the ultimate uniaxial strength of the material
and then decreases, due Lo the large thermal gradient produced through the
thickness. Figures & and 10 show the radial stress and hoop s{ress
distributions at time t=0.01 sec on the top surface of the plate. Both
components of stress are significantly reduced near the center of the plate by
the accumulated inelastic strain. Figure 11 shows the in-plane deformation
and Fig. 12 shows the accumulated inelastic strain at time t=0.01 sec. The
inelastic strain is essentially zero for r>1 in, inplying that outside this
range the plate response is elastic. Also, Walker's model tends to accumulate
more inelastic response than Bodner and Partom's, thus predicting slightly
lower stress.

Figures 13 through 16 show the results for plates with varying thickness
and identical external heating. Figure 13 shows the deflection history at the
center of the plate as a function of plate thickness. The center deflection
rate increases significantly with decreasing plate thickness. Figure 14 shows

the radial stress at r=0.11 in on the top surface of the plate for various

plate thicknesses. Although the radial stress peaks earlier with increasing

13




plate thickness the value of this maximum does not change dramatically.
Figure 15 shows the accumulated inelastic strain at time t=0.01 sec for
various plate thicknesses. Figure 16 shows the temperature rise as a function
of time at the center of the plate on the upper surface. It can be seen that
extremely large heat fluxes such as those considered herein will eventually
cause localized ablation which cannot be handled by the current model.

Figures 17 through 20 show the results for plates with fixed thickness
and various external heating rates. Figure 17 shows that increasing the heat
flux produces modest changes in the center deflection rate. Figure 18 shows
the radial stress history at r=0.11 in, Although slightly larger compressive
peak stress 1is predicted, the time at which this peak occurs increases
substantially with decreased heating rate. Fig. 19 shows the radial stress
distribution at time 1t=0.01 sec for different external heating rates.
Finally, Fig. 20 depicts the temperature rise on the upper surface at the
center of the plate for vdarious heating rates. As expected, the temperature

rise increases substantially with heating rate.
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CONCLUSION

In this paper, the author's previous research [10} has been extended to
include 1large deflection plate theory and Walker's viscoplasticity model.
Studies have been carried out to investigate the structural response of a thin
plate subjected to rapid external heating. Several conclusions can be made
from the current results. first, due to the thermally induced large stresses,
the transverse deflection of the thin plate is significantly decreased if
large rotations are considered. This indicates the importance of including
nonlinear geometric effects in the current model. Second, the comparison
Studies show that while the two viscoplastic constitutive models predict
approximately equivalent effects on the structural response the affects of
viscoplasticity are substantial and therefore cannot be neglected. However,
Walker's model tends to accumulate larger inelastic strain, which in turn
predicts lower stress in the structural response.

Results indicate that the deflection rates are increased with decreasing
plate thickness. Furthermore, the model accumulates greater inelastic strains
with decreasingAthickness. Finally, when the plate thickness is not changed,
the displacement increases with increasing heating rate. In this case, only
slightly greater peak compressive stresses are ptedicted, but the peak stress

occurs more rapidly with increasing heating rate.
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Table 1. Bodner's Constants for B1900+Hf [26]

Temperature-Independent Constants

My = .270 Mpa~!
M, = 1.52 Mpa™l
ay = 0.0

Zy = 3000 Mpa
Z3 = 1150 Mpa
ry =rp = 2

D, = 1 x 10%ec™!

Temperature-Dependent Constants

Temp (C)
7601.055
871 1.03
9820.850
10930.70

n Z,(Mpa) A1=A2(sec'1)
2700 0 2700
2400 .0055 2400
1900 .02 1900
1200 .25 1200

18
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Temp (C)

Temp

21
427
538
649
760
871
982
1C33

21
427
538
649
760
871
982
1093

Table 2.
D(Mpa))
.900E5 322
.900E5 328
.900£5 .331
.800E5 .334
.655E5 .339
.438E5 .324
.249E5 351
.161E5 .351
"q "5
0 L3117
0 L3117
0 3117
0 3117
0 L3117/
0 L3117
0 L3117
0 L3117

Kl(Mpa)
12.4
12.4
12.4
12.4
13.8
16.6
13.8

9.

"6

8.73E-4
4.29E-4
4.83E-2
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8(Mpa)

1.73€11
1.73E11
1.73E11
3.862E10
2.55€10
5.50E11
4.20E10
5.57E9
"9
11.87
11.87
11.87
16.64
19.83
59.33
136.
136.

Walker's Constants for B1900+Hf [26]

nz(Mpa)
2.41E6
2.41E6
2.41t6
8.27E5
8.27E5
2.36E5
9.65t4
2.36E4

"10

2.44E-3
2.44E-3
2.44E-3

2.44E-3
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